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FOREWORD

This study was conducted under the auspices of the Defense Mapping Agency in order
to develop formal techniques that have important application to the solution of propellant
management problems related to the selection of low-altitude earth satellite flight profiles.
These techniques should help fill the analytical vacuum currently associated with this aspect

of mission planning. This report was reviewed and approved by Dr. R. J. Anderle and Mr.
R. W. Hill

Released by:

/ j M}\/
T. A. CLARE, Head
Strategic Systems Department

g |

l"_ RS

Aendmelondii,

Ty

- e l' Y
WIS ) e . P




T LW I I Y I T Y ¢ T e T e allics - e e Lt LT T ETTE TR T MR T TR TR NN TR

NSWC TR 83-243

CONTENTS
;i Page
P"‘
. INTRODUCTION . . . e I -1
. 4
b THE PROPELLANT LONGEVITY EQUATION. ... ..eoiuutieaiiaaii ... 2 1
g
- THE MASS DECREMENT EQUATION. ... .. ....iiiiiiiiiiii i, 3 ']
E‘.
. PROPELLANT CONSUMPTION IN SPHERICALLY SYMMETRICAL
’ ATMOSPHERES. . 0ottt e 5
CONSTANT DENSITY ...ttt et 6
EXPONENTIALLY DECREASING DENSITY......................0.... 7
PROPELLANT CONSUMPTION IN AN OBLATE ATMOSPHERE
WITH DAY-TO-NIGHT DENSITY VARIATION. ........................... 9
NUMERICAL EXAMPLES .. ..ottt 13
AVERAGE IN-TRACK CONSUMPTION RATE PREDICTION............ 14
SAMPLE FLIGHT PROFILE TRADE-OFF ANALYSIS.................. 15
SUMMARY . oot 17
DISTRIBUTION ... .. oottt e e e (1) 3
® ILLUSTRATIONS ]
B g
L-" "-
g Figure Page o
- _ "‘.
E_f | | AVFRAGE IN-TRACK PROPELLANT CONSUMPTION RATES &' AS <
° A FUNCTION OF SOLAR FLUX CONDITIONS AND SATELLITE By
- DRAG CHARACTERISTICS. ..o 15 .
3 " Y
[ > REPRESENTATIVE FLIGHT PROFILE ... ... oo oo, I n
p - .
t o 1 IMPACT OF ORBIT MODIFICATION UPON PROPELLANT AND
o MISSION LIFETIMES ..o 17 7
_ :
b ]
. 3
\ v "4
[ "
[. B
Ll‘_‘\..l:\:.r :{:"‘:p '. 3‘4‘ J\ _nj '-N A _n ] ‘.A.._;-"_.n ‘.J_:.'b _A‘;. ST .; PO ._A_g__..g‘_. .~"J' "A' PR W U A a

P Y N

UV T APPSR LT Y WA




~ v

RS A S AP A A AR AN R SNAC T e e T T T T T N T RN AR TR TV A TS TR TR AT RN ’ R RN

NSWC TR 83-243

INTRODUCTION

Several of the objectives to be satisfied by earth satellite mission planning analysis
are to predict propellant lifetimes and to understand the various propellant conservation
trade-offs that can be made available by adopting certain flight profiles. This aspect of mission
planning is often of special importance for low-altitude missions, where considerable amounts
of propellant are used for altitude maintenance thrusting to compensate for the effects of
atmospheric drag deceleration.

Two methods are generally employed to perform propellant consumption studies:
1. The application of empirically derived propellant consumption rates

2. The utilization of analytic approaches based upon geopotential, drag, and discreet
thrusting models of varying complexity

Both of these methods are quite effective. However, the first is often limited by the lack of
data describing the effects of varying satellite and orbital geometries, as well as by solar
and atmospheric conditions. The second approach often tends to be inefficient and tedious to
use.

This paper presents an alternative (and perhaps more flexible) analytic development
for predicting the rate at which propellant is consumed for in-track drag compensation thrust-
ing for low-altitude earth satellites. The associated results can be effectively applied to pro-
pellant longevity analyses, especially to trade-oft studies. The following sections discuss this
development in detail, starting with derivations of the propellant longevity and mass decre-
ment equations. These are then applied to spherically symmetric atmospheres that, under
certain - assumptions, can provide analytically tractable results. Such results are useful for
comparison with those obtained from more complex cases under special limiting conditions.
The more realistic and complex case of propellant consumption in an oblate diurnal atmos-
phere is also considered. An analytic expression for the associated mass decrement equation is
derived and used in the following section to provide the reader with several illustrative nu-
merical examples.
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THE PROPELLANT LONGEVITY EQUATION

»

D)
3

Consider an artificial earth satellite that has been inserted into an initial nominal
orbit at time ty with a total weight of propellant AWT available for orbit initialization and
maintenance during its mission life. If the satellite were to operate in N different nominal
orbits during its mission life, cach requiring the weight of propellant AWOAi to achieve the

i'" nominul orbit and using propellant at the rate ﬁi during the interval t-t_ while in the

1
ith

1*" nominal orbit, then the following expression may be written:

i=1

t.
N 1
AW+ 3 ; f ®, dt - AW, 5= 0 (1)

tioa

Note that AW, ., may result from orbital transfer thrusting, post-launch orbit initialization,
T
and de-orbit thrusting.

Assume now that the propellant consumption rates (ﬂi can be separated into a radial
thrusting rate o{iR, an in-track thrusting rate 6?:. a cross-track thrusting rate ﬂic‘ and a miscel-
lancous operational maintenance consumption rate (ﬁioM: then,

Ro= /% + &+ /S + ®OM )

and Equation (1) becomes

; Y ! ‘ Y {

N N

AW+ Yy f .’.azik + 8 + QoM ;»dt +3, ’/ ®! dt - AWOA_s =0 3
i=1 L. i=1 T,

i-1 -oi=)

The primic on the second summation in the last equation denotes that no propellant is used
it natural drag decay is used to establish shorter period orbits and that the summation should :
aot nclude these natural decay intervals. The time bounds tor such intervals are determined -
byothe drae decay rates tor those intervals.

F [Tis report is concerned only with the rute at which propellant is spent for in-track
r - dirastine, Thas, the torm of Bquation (3) may be simplificd by defining

Cate e 8

i 4
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1) li
. s f ®] dt - AWy, 'r= 0 (5)
—~ ' | s

so that

AW, - AW iy +Z

= 'i”
It is simpler to e¢xpress Equation (5) in terms of the propellant mass decrement Am (i.c.,
the in-track propellant mass expenditure for onc orbital revolution). As will be shown in the
following sections, this quantity is easily derivable for certain assumed conditions. This simpli-
fication is introduced through the following substitution:

t.
! M
1
G{i dt - g Z Am“. Anij (6)
=1
Yot
Lo
where the summation is taken over M groups of orbital revolutions in the it" nominal orbit iy
Anij for which the mass decrement Amij applies and g is the gravitational acceleration. -
Equation (5) then assumes the completely discreet form
! N
N M ( —
AW, - AW, + 30 (e Amy A - AW, =0 (7) -+
i=t J:l .--.:'d
This equation shall be referred to in the following sections as the propellant longevity equation ﬁ::'}}
(PLE). since it can be used to compute the propellant life £ defined by =Y
o
’ O
NooM -
= + o
L Anu. T A.,CD (8) o~
=0 )=1 v.\_‘
. . . . . . . : . -4
where 7. is a4 nominal orbit period for Anij orbital revolutions and AL is the total time
spent during natural decay phases. S
R
—
o EAMEN T , .4
THE MASS DECREMENT EQUATION -_*
.
R
Assume that an artiticial carth satellite in a nominal orbit with semimajor axis a and }
cceentricity ¢ is continuously experiencing atmospheric drag deceleration and s simultancously —
performing in-track microthrusting to offset the ceffects of drag decay so that the nonnal ey
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orbit is maintained. Let dED be an infinitesimal orbital energy change induced by drag decay
and dET be an infinitensimal energy change produced by the microthrusting. In order
that the nominal orbit be maintained, the following condition must be satisfied:

dE_ = - dE 9)

The work done by the drag force (which is assumed to operate only in the direction
opposite the satellite velocity vector V) in the infinitesimal time element dt is

cDAplvP dt (10)

1o | O

where C_ is the drag coefficient, A is the cross sectional area of the satellite in the
direction of motion, and p is the atmospheric density at the satellite’s location. The § factor
accounts for the orbital orientation with respect to a rotating atmosphere and has the form

rp 2
5 = 1-<—>Awgmi (11)

where r, and v, are the radius and velocity of the satellite at perigee, respectively, w, Is
the earth’s angular rotation rate, i is the orbital inclination, and A is the ratio of the atmos-
pheric to earth angular rotation rates. The work done by in-track microthrusting in the same
infinitesimal time element dt is

dE; = T v | dt (12)

or. ufter applying the ‘“‘rocket equation”,
db = - ¢ lsp v | dm (13)

where T is the thrust, lsp is the thruster specific impulse, and dm is the infinitesimal element
of niass of the propellant expended during the thrust interval dt.

Use of Equations (10) and (13) in Equation (9) allows the in-track propellant ex-
ponditure rate equation for drag deceleration offset to be written in terms of the satellite’s
ormtal and drag characteristics, as well as atmospheric and thruster properties:

vy v
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= - —— v {p (14

The in-track mass expenditure during one orbital revolution (i.e.. the mass decrement) s
obtained by integrating the last equation over one orbital period:

C. A
D 2 -
- l——— v |“p dt {15

sp

Am = -

It is convenient to change the independent variable from t to k. the eccentric anomaly.
This is done using the tollowing relationships:

- 1 + ccosE
v R = <£><____“ : (16)
@ 1 - ¢coskE

and

‘d3 Y
dt =<-—> {1 - ccosE)E (17

o e
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whuere @ is the carth's gravitational constant, Using Equations (16) and (17) in Equation (15) SN
and making the upper integration bound consistent with the new independent variable gives ‘::-:"

e
- 2m ;::-
C, A b
Am = - Eyra (ma)” (1 + ccosE)p dE (18)
o
T s ¢
o fornume  this espression, it is assumed  that (‘D. A and Isp are constant over the revo- ‘!
fution.  This cquattion will be referred  to herealter as the mass decrement equation (MDL, }
PROPELLANT CONSUMPTION IN SPHERICALLY SYMMETRICAL
R .
ATMOSPHERLS
-
oo tollowi: subsections are devoted  to the consideration ot thie cises where e )
tecspie e densgaty s assamed to beoosphericaliv o symmetrical These vases e oF it '.'4
paose oo therr amalvte tractabality . Althoueh therr utithity may e ceneadint homted . Lo 1
proveds anterestmye msights anto the more eceneral problem :
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CONSTANT DENSITY

This subsection is concerned with the case where the atmospheric density is assumed
to be spherically symmetrical and constant with altitude above the surface of the earth. If

p=p (19)

(o}
where P, is a constant, then Equation (18) becomes

27

C, Ad
Am = - w1 wa)* p, (1 + ecosE)dE (20)
2 I A
or
mCy A )
Am = - (wa)”* p, (21
g lSP

This result may be readily applied to the PLE to give

N

N’ S C, A S M
AW, - AW o+ l - W)t e, 2 Ang - AW, »=0 (D)
i=1 sp j=1

Further simplification may be introduced by restricting this application to orbits having the
same nominal orbital period (i.e., the same a), but different eccentricities. Since

M
= h)
n Z Anij (23)
j= 1

and

n'oc Z n, (24)

wirer ' s the total number of orbital revolutions spent in the N nominal orbits (excluding
the-w cocurring Jdunmg natural decay phases), then it is found that

6

L R T . - . .- RN . L. s . -
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— !
N
AW, - AWy - 2 AWOAi Isp
, ) i=1 .
no= T t25)

T Cy A o (pa)”® P,

D W AR S

e ussociated propellant hite L s obtained by using Lquations {235 threugh (15) and the

weooo-

Tt
IR PP

relation

;1.3 3
r =7 <_—> (26)
u

o that

.

ainanaddbtbitinn, fedhetben iandat.

'

!
N

S AW, - AW Z AWOAi a Isp
i=1

i=
L= + AL (27
C, A S uop, b

This result substantiates what one expects intuitivelyv about propellant longevity, i.c..

cropelhint lite 1s enhanced  when

I, Less propellant is used  for operational maintenance and configuration change
orbit adjusts

[he nominal semimajor axis is increased

3. The thruster specific impulse is increased
4. The drag coetticient and satellite cross sectional area are decreased
2. The atmospheric density is decreased

FXPONENTIALLY DECREASING DENSITY

[ dbae <cctionn, an atmospheric density mode] s used that assumes that the density S
oo s man the distance 1o trome the center of  the carth and varnes exponentially

e denats oded Bas the torm

. h SRR 1] (280
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.'“L

whoere rp o the pocee distance from the varth’s centers py,is the densitv at he pane 1
- O
pomts and
4
-
E -
J = — (') j

winore o the density scale hetght and is oassumed constant. Substituting the rodaione

T O AN Cig

Ny CERTRIC W

REREN

i bornion (280 aives

Topn o Foooae + dae cosl

Usine ths oxpressson e the MDE gives
2w

A pp  oxp = pacl (1 + ccosbenp [Suae cosb Il

o
(4]
~( R
. b . s /
Ao — - [—~ tpay - pyooxpl-pac] 51 foaey + ¢ ll(‘,xn-b\
-
I Do Pl o e Dt kandd and mionnir arenient boten
i : oo was I os nfih i
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tatation (34) can be substituted into the PLE to give

N | nC, Ad /
AW, - AW 4 Z T (uui)“pp“ expl-g.a.] 2 I (Bac)
it sp i

M
| .
o L (8av . -
+ ¢ ‘1("‘<i‘li‘1)t E _\nij AW

/ = ) (300
1 ();\l, ‘

J-t
Partbor spmplification of this expression s ditficult except for the case where N = 1.0 Then.

sy Eowation (24, one finds that

AW, - AW e AW L e (Bae]

'

no= — R
T (‘DAc‘S(,ud)” by [ (Bac) + ¢ ll(p‘uc)]
v that the PLRE becomes
» AW, - AW AW, | a lsp exp{Bac] ‘
[ = - + AL (38
C,, A odup, 1 (Bac) + ¢ [ (Buac)] b

exprosston also substantiates the five points concerning propellant lite enhancement  that
discussed  carlier. It should  be noted  that Equation (38) reduces to the result ol
Poovmon (27 tor N = 1 owhen the eccentricity is zero, since

PROPELLANT CONSUMPTION IN AN OBLATE ATMOSPHERE
WITH DAY-TO-NIGHT DENSITY VARIATION
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An analytic torm for the atmospheric density can be obtained by combining the
oblate atmosphere form used by Cook, King-Hele, and Walker! with that of an atmosphere
with diurnal variation discussed by Cook and King-Hele?. The resuiting form tor the density

is given by

p =p, (1 + Fcosg) exp [- pr - 0)] (40

where p s 2 reference atmospheric density of the form ‘:
~
_ 1 N
‘Dn —:(pm“ +pmin) b ::
4
F 'Dmax - pmin (42) -]
- d
'omax pmin 4
4
5 = 1! (42)
{1 - € sin?i sinu )
0 = r «
P {1 - € sin?i sin?w
and
R
cosk - ¢ (1 - ¢2)® sinE
cosp = A| ——— + B - (45)
1 - ecosk 1 - ecosk

In the fust tour equations, p and B 4rC the maximum day time and minimum night

max
time densitics, respectively: H is the density scale height: i and w arc the orbital inclination
aind argument ol perigee, respectively: u (= w + 0. where 6 is the true anomaly) and E are
the true argument of latitude and cccentric a-omaly. respectively: e is the earth’s ellipticity:

Lo the pergeal radius: and

L4
A = sin b“ Sin i sin w + ¢cos ‘Sn %cos(ﬂ = 0 OS W = oS 1sin (82 - o) sin w 2 (40}
A

o
; * 0
L »
¢ . o
! B~ sin 6“ SIN T COS W - Cos rSugcox' (§2 - @) SN w + cos 1 sin(§2 - o, 1eos w g (47)
S =
}
p ° J
- VT Cont b G Kineeliele.and DAL € Walker, Proce cdings of the Roval Socterv 1, 264, pp 85 121 1961,
r-- ’ 2(',, Pk, it b G0 Kane Hele, Proceedmes of the Rovel Sociery 1 259, pp. 3367, 19658,
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il

TPEN TR

where «, and 513 are the right ascension and declination of the atmospheric diurnal bulec,

respectively, and §2 is the right ascension of the ascending node of the satellite orbit.

Equation (44) may be expanded to first-order in € to give

o =T [ | + % € sin?i (cos2u - cos2w)] (48)
Stlarly. Equation (45) may be expanded to first-order in ¢ to give
cos ¢ = A(cosE - e + ecos? E) + B(sinE + csinEcosE) (49)

Substituting Equations (48) and (49) into Equation (40) and using the relation

r = a(l - ccosE) (50) "

f

PR

allows the following first-order expression to be written for the atmospheric density:

L
.
Y Y

v,
IS ]

p =p, [1 + FA(cosE - e + ecos?E) + FB(sin E + ¢ sinE cosE)]

b

(51)

i

>

Tl .,
pe fe s :
FATE R AU N

v

eXp 3— Bae (1 - cosE) + ¢ cos2u - ccos2w$

where

€ B r, sin?i (52)

1o} —

e
Lt

reone

IR AT

e As discussed in Reterence 1, ¢ may be treated as a osmall parameter of the same order of

]

maenitude as the cecentricity, Thus. in Equation (51), the following expansion may be used: b

2 {53)

el e 2 TP IR e}

T
.

exp %c cos 2u ﬁ =1 4+ cocos 2ut = Cocos

to | —
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o
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Substituting Equations (51) and (53) into Equation (18) and using the relations

on 0 = cos E - ¢ (54)
v l - ecosk
and
_ (1 - e?)” sinE
sin 6 = (55)

I - ccosk

to climinate ¢ to first order in ¢ gives

C, AS i
Am = - ST (ua)* p_ exp {- pae —ccos2w}f 3[1 + FA(cos E - e + ecos?E)
21, i

+ FBGsin E + ¢esinEcosE)]*[1 + ¢cos2(w + E) - 2ec sin2(w+E) sin E

+ = ¢* + = 2 cosdw + E) - ec?sind(w + E) sin E]e

! !
n 4

[1 + ¢ cos E] exp [Bae cos E) z dE (56)

When o the integrand  of this equation is multiplied, the result contains trigonometric terms
that are cexpressible as tunctions of cos(nE), n = 0, 1, 2, ... 6. This allows Equation (56)
to be written m o terms of the integral representation of the Bessel function of the first kind

and imaginary argument defined by

2
1
I (pac) = — f costnE) exp(Bae cos E)E 5N
1 :T{
[Tve vesidting MDE for an oblate diurnal atmosphere is

. .
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i CD A o2 ..
= . . a2 > - - 2 + — l + + .
Am " lsp (una) P, txp; Bae ¢ Ccos wf | 4) (o ell) :,4_1
¢? c , T
FA b+ ) O el |+ {121, - eI, - 31)] + FA (I, + 1, + -
- - . o
Zl,) ) cos2w - SFB{Q, - 1) + 2 (1, - L)} sin20 + (58)
=y
o2 2
8—{[214 - el - S1)] + FA [, + 1) +e Gl - )] } cosdw + : 4
9
¢? . ]
E—FB{[IS— 13] +e[[2—4l4+3l6]}sm4w .
-y
where the Bessel function argument fae has been suppressed for the sake of brevity. e
This MDE could be introduced into the PLE at this point. However, due to its com-
plexity and dependence upon solar position and the additional orbital parameters £ and w. “j
little, if any, simplification could be introduced into the resulting analytic expression. It jf::
should be noted. nonetheless, that Equation (58) reduces to the form of Equation (34) ;-j..j
when oblateness and diurnal effects are neglected; i.e., when l;-:::
a8
A—->0 ]
]
B~ 0 .,
and e
-
¢ =0 - 4‘
»
’. NUMERICAL EXAMPLES
2
-
.
[:-: Several numerical examples that illustrate the types of analyses to which the MDL ior
Ef- an oblate diurnal atmosphere may be applicd are presented in this section. These examples
" were created using analytically modeled averaged variational equations® to represent the effects
3
] "I 1 Lie and R. L. Alfard, “Semianalytic Theory for a Close-Earth Satellite,”” AIAA Journal of Guidance and
- comtrol Vol 3 Julv-August 1980, pp. 304 - 311,
gff 13
¢
8
-'_.
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of geopotential perturbations on the satellite motion through J,. Theoretical expressions 4
for drag decay rates for a low-altitude satellite orbiting in an oblate diurnal atmosphere* were
used to model the natural drag decay phase occurring between the time of propellant de-
pletion and reentry. The MDE of Equation (58) was used to compute the propellant re-
quirements tor orbit sustenance. Changes in orbit parameters occurring during orbit adjusts
were computed using results obtained from the Lagrange planetary equations when impulsive
velocity changes are assumed.® The quantities of propellant expended during an orbit adjust
were obtained trom application of the “‘rocket equation.”

LIS

The Jucchia 1960 model atmosphere was used for all density computations required
for both the MDE and the drag decay rates: ie., computation of the density Poay at the
diurnal bulge location and the density Pein diametrically opposite the bulge at the satellite’s
osculating perigee altitude. This model atmosphere describes the density variation with altitude

medibion B &

ol an oblate diurnal atmosphere and accounts for the effects of density variation due to solar S
activity via a dependance upon the solar flux F,, ,. It is not believed to be extremely b
representative of the atmospheric density, but is computationally very efficient. Santora's method ]
for density scale height selection® was employed for both drag decay rate and MDE evaluation.
The following data were used to initialize the computations for each of the examples

below:

4 = 6756.205 km

¢ = 0.0096560113 ;

L= 94.99996° ]

@ = 193.3874°

2 = 95.00015° (59)

M = 150.6115°

t, = 44619.987 Modified Julian Days

I, = 230 sec

AW = 150 kg

AVERAGE IN-TRACK CONSUMPTION RATE PREDICTION

e . e PO
ottt e e bbbl i

Computations were performed using the conditions of  Equation (59) tor F, , values
between 10U and 300 flux units. Three C A values of 20 x 107% km?. 1. x 10°% km?.
and Soov 100 Y km? were assumed. The average in-track consumption rate &' was obtained

v‘l A Santors, satethte Drag Perturbations in an Oblate Diurnal Atmosphere,” ALAA4 Journal. Vol. 13, September 1975, pp. 1212

R
N P Instentanenus Orbit Parameter Changes Produced by Impulsive Thrusting with Application to Orbit Adjust Design for

Sot i o sl Bocentricity Orbits, NSWCDL TR 83-31 (Dahlgren, Va,, Feburary 1983), pp 3.4,

14
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tor cach F 4, and CDA combination by dividing the 150 kg of propellunt consumed by the
time required for its consumption (i.e.. the length of time the orbit was sustained). The
results are presented in Figure 1. It should be noted that those rates are representative only
of those required for sustenance of the orbit described by the clements of Equation (59).
since prereentry drag decay phases are not included.

L}
CoA =2 ~ 10° km?
34
5
<
o 2‘r
< CpA =1~ 10-* km?
I3
1 -J— - 2
CpA 5 - 105 km
= 1 1
0 T T T
[+] 100 200 300 400
(FLUX UNITS)

Flo7

FIGURE 1. AVERAGE IN-TRACK PROPELLANT CONSUMPTION
RATES &' AS A FUNCTION OF SOLAR FLUX CON-
DITIONS AND SATELLITE DRAG CHARACTERISTICS

SAMPLE FLIGHT PROFILE TRADE-OFF ANALYSIS

Consider the following scenario: A satellite mission is ordinarily constrained to operate
i un orbit described by the parameters of Equation (59) until its propellant is depleted.
at which time it deorbits by natural drag decay. After orbital insertion, it becomes apparent
thut 1t will likely be necessary to take measures at sometime during the mission to extend
The MDE can be applied to the situation de-
preted by this scenario to provide estimates of the propellant and orbital lifctime  trade-ofts
that exast,

]

the mission length for as long as posstble.”
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wore wencrated wsmy b= 100 and C A = 10X 10-% km?
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wramst o the revolution number during which  the orbit adjust  was
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presented tor the special case where the semumajor axis is increased 30 km

thrust at some tume during the mission and the satellite deorbits by

5

and are shown in Figure 3.

performed.
adiast was pertormed on orev 4200 there would be no change in the propellant longevity

no adjust wuas performed. The mission lite would also be extended by 190 days
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60 280
)4 20 + ~4 240
« 2z
e o
t 2
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g m
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e -6 < 180 m
£ 4
z :
- n
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5 -100 4 <+ 120 ~
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FIGURE 3. IMPACT OF ORBIT MODIFICATION UPON
PROPELLANT AND MISSION LIFETIMES

SUMMARY

The propellant longevity equation has been derived in both its continuous and discreet
forms and expressions tor the mass decrement equation in spherically symmetrical and oblate
diurnal atmospheres have been developed. The mass decrement equation for an oblate diurnal
atmosphere has been applicd to the discreet form of the propellant  longevity  cquation (o
provide several numerical examples that illustrate their applicability to the solution of certain

nussion planning problems.
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